In this paper we study O(2000) (quenched) lattice configurations from the APE collaboration, for different lattice volumes and for 6.0 ≤ β ≤ 6.4 using both the Wilson and the SW-Clover fermion actions. We determine the light hadronic spectrum and meson decay constants and study the mesonic dispersion relation. We extract the hadronic variable J and the strange quark mass in the continuum at the next-to-leading order obtaining m M S s (µ = 2GeV ) = 122 ± 20 M eV . A study is made of their dependence on lattice spacing. We implement a newly developed technique to extract the inverse lattice spacing using data at the simulated values of the quark mass (i.e. at masses around the strange quark mass).
Introduction
The lattice technique has proved a very effective theoretical tool to determine phenomenological quantities such as the mass spectrum and weak decay matrix elements. Unlike other approaches, it does not (in principle) suffer from uncontrolled approximations. However, in practice, one is forced to work on a lattice of (i) finite size, with (ii) a finite lattice spacing, and (iii) unphysically large masses for the light quarks. Also the quenched approximation is often used in lattice studies. In this work we determine the light hadronic spectrum and meson decay constants and we study the effects of (i), (ii) and (iii), and in particular, we try to overcome some of the inherent approximations corresponding to (iii). It is important to study the systematics due to (i), (ii) and (iii) before the effects of the quenched approximation can be correctly understood. The results reported in this paper are obtained from O(2000) (quenched) lattice configurations from the APE collaboration, for different lattice volumes and for 6.0 ≤ β ≤ 6.4 using both the Wilson action and the SW-Clover fermion action. In this range of β we cannot draw any conclusion about a dependence of hadron masses and pseudoscalar decay constants. On the other hand we find that the quenched approximation gives a resonable agreement with the experimental values. The plan of the paper is as follows. In the next section details of the simulations are given. Sect. 3 describes the method used to determine the spectrum and matrix elements from the lattice data. The results on hadron masses, meson decay constants, J values, meson dispersion relations and quark masses are then presented in Sect. 4 , with a comparison with results from other collaborations. In the last section we report our concluding remarks.
Lattice Details
In the last four years the APE group has been extensively studying lattice QCD in the quenched approximation. The lattice data used in this study come from O(2000) configurations generated by the APE collaboration primarily to study weak matrix elements such as f D , f B and B K and semileptonic decays [1] - [7] . The data have been obtained from eight sets of configurations with β = 6.0, 6.2 and 6.4. The quark propagators have been obtained from either the Wilson action or the 'improved' SW-Clover action, by the standard APE inversion procedure [8] . The hopping parameters and the other parameters used in each simulation are listed in Table 1 . These K values correspond to quark masses roughly in the range of the strange quark mass which are adequate for the primary goal of the runs described before. In the past the APE collaboration has introduced the so called 'smearing' technique [8] in or- Table 1 Summary of the parameters of the runs analyzed in this work. T-Sweeps stands for thermalising Montecarlo sweeps performed starting from a cold configuration and I-Sweeps stands for the number of sweeps after which independent configurations are gathered. der to have a better determination of the lowest state mass. The APE group has compared data extracted from smeared and non-smeared propagators and found no real improvement on lattices of a time extension of 64 sites at β = 6.0 and β = 6.2 [5] . The data presented in this work are obtained without any smearing procedure. In fact the data from W64 and C64 seem to suggest that a smearing procedure would have increased the reliability of the extraction of the mass of the lowest lying states. We plan to increase the time extension of this lattice and check the validity of the 'local' data presented here. A further comment is due regarding the 'thinning' procedure [8] used to reduce memory occupation. In this technique, correlation functions are computed taking only one point out of three in each space direction. We have checked that this procedure does not affect the physical quantities extracted from the two point correlation functions. All baryonic data presented in this paper come from 'thinned' propagators while mesonic correlation functions come from the full lattice. Note that the simulations have been performed at β values of 6.0 or larger. This is to negate the large systematic error present in lattice data for β ∼ < 6.0 due to lattice artifacts. A clear signal for these systematics is the lack of scaling amongst different physical quantities (see, for example, table 2 of [9] and [10] ).
Hadron masses and decay constants have been extracted from two-point cor-relation functions in the standard way. For the meson masses and decay constants we have computed the following propagators:
where
and the following propagators of the vector states:
In order to determine the baryon masses we have evaluated the following propagators:
For some meson correlation functions, non-zero momentum values were also studied (see section 4.2). We fit the zero-momentum correlation functions in eqs. 1, 2 and 3 to a single particle propagator with cosh or sinh in the case of mesonic and axialpseudoscalar correlation functions and with an exp function in the case of the baryonic correlation functions fit the first excited state mass for the mesons with a two hyperbolic cosine fit but the results are rather unstable and noisy on all lattices and will not be reported here. A similar conclusion holds for the baryonic parity partners.
The pseudoscalar and vector decay constants f P S and 1/f V are defined through the equations
where ǫ r i is the vector-meson polarization, M P S and M V are the pseudoscalar and vector masses and Z V,A are the renormalization constants. We extract f P S from the ratio
and the vector-meson decay constant is obtained directly from the parameters of the fit to G ii (t), eqs. 4:
The results of these fits for each run are reported in Tables 3 -10 .
Extraction of physical quantities
Once the hadronic correlation functions have been fitted, and the lattice masses and matrix elements extracted, the 'conventional method' of determining physical quantities relies on a number of chiral extrapolations. The first extrapolation is in the lattice pseudoscalar mass squared, (M P S a) 2 , against 1/K. This sets the critical kappa value K c corresponding to zero quark mass.
A second chiral extrapolation is performed of (M V a) to zero quark mass. Using the experimental value of the ρ mass, M V (K c ) = 770 MeV , the lattice spacing a is determined (assuming a massless pion). This conventional method relies on an extrapolation from a region where data has been obtained to a region well beyond the reach of direct simulations, assuming that the pseudoscalar mass follows the predictions of PCAC, and that other physical quantities scale linearly in the quark mass 2 . This problem suggests one should extract as much physics as possible from the 'strange' region and to use chiral extrapolations only where absolutely necessary. The method we use to achieve this aim is outlined below.
• We define the following five 'lattice physical planes' for masses and decay constants:
2 ) and (M δ a, (M P S a) 2 ). We plot the lattice data for each K value used in the simulation on these planes . (See Figs. 5 -9.)
2 ) plane we impose the physical ratio C sl = M K * /M K . This corresponds to find the intercept of the curve
with the linear fit of the lattice data (i.e. the right-hand curve in Fig. 5 ). Lacock and Michael [13] have used this approach to define the quantity J.
(See also [14] and [15] .) The intercept of this curve and the simulated data defines M K a and M K * a but only one of these is an independent prediction.
• We now use the value of M K a determined above to read off the lattice meson decay constants, (f K a/Z A ) and (f K * Z V ) −1 from the corresponding f P S and f V planes. At this stage we have the following 3 independent predictions:
These were all obtained from the quark mass region actually simulated (see Figs 5, 8 and 9) , and hence they do not rely on a chiral extrapolation.
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• The lattice spacing a, can simply be set by comparing either (M K * a) or (f K a/Z A ) with their experimental value. (f K * cannot be used since it is dimensionless.) Of these two quantities, we choose M K * to set the scale whenever we need to quote results in physical units. This is because M K * is determined experimentally more accurately than f K , and it has no ambiguities associated with a renormalisation constant. However, for completeness, we list in Table 11 the a −1 values obtained from all the quantities.
In this analysis for M K * a, f K a/Z A and (f K * Z V ) −1 we have assumed that the quadratic SU(3)−flavour breaking effects in the meson masses or decay con-stants can be safely neglected in the range of masses explored here. This means that we assume that the masses and decay constants for mesons, with both degenerate, and non-degenerate constituent quarks, lie on the same universal curve. Studies have shown this to be an entirely reasonable hypothesis for quarks around the strange mass [16] .
To proceed to obtain other physical quantities, we need the additional input of quark model considerations, and chiral extrapolations. Therefore the determination of these additional quantities suffers from the same criticisms as outlined above for the conventional approach. Consider the hadronic physical quantity M (where
As a first approximation, the dependence of M on the hadron's quark masses can be approximated by
where the m q are the masses of the constituent quarks, and Q = 2, 3 for mesons, baryons. This is the usual assumption of the quark model. In order to continue we need the additional assumption of PCAC
Combining eqs. 10 and 11 and eliminating the quark masses we have in the
Assuming this remains valid from the simulation region down to (near-) zero quark masses, we can obtain a prediction for M ρ a and (M π a) 2 as follows.
• On the (M V a , (M P S a) 2 ) plane we impose the physical ratio C ll = M ρ /M π . The intercept of this curve and the linear extrapolation of the simulated data defines M ρ a and M π a (only one independent).
• We now use the value of M π a determined above to read off the lattice meson decay constants, (f π a/Z A ) and (f ρ Z V ) −1 from the corresponding f P S and f V planes.
From Eq. (11) we immediately have
where η ss is the hypothetical pseudoscalar meson with quark content ss assuming no mixing with other states, for whose 'experimental' mass we have M ηss = 0.686 GeV . Using the lattice value of M ηss a, we can determine M φ and (f φ Z V ) −1 from Figs. 5 & 9. As a check of the assumption of PCAC and Eq. 10, we plot in Fig. 10 the lattice values of
together with their experimental values. The data lie on a straight line to remarkable accuracy.
For baryonic masses, the situation is more complicated. Eq.(10) can be written as:
Combining these with eq. (11) leads to
The baryonic masses can be extracted by fitting the data for M n a and M δ a against (M P S a) 2 to a straight line and using the values of M π a and M K a already determined, (see Figs. 6 and 7) . Due to the limited number of K values, we do not attempt the fit to more complicated functions [17] . We have also checked that a quadratic fit does not give better χ 2 . Our predictions of the initial 3 quantities which do not require any chiral extrapolation have then been extended to include the following quantities which do require chiral extrapolations and quark model considerations:
The method outlined above has the following properties:
• We use only the lattice physical planes and not the unphysical planes where the x−axis is the quark mass 1/K. These unphysical planes will only be required when we need to determine unphysical quantities such as the quark masses.
• This method allows us to fix the value of M K * a, and therefore a −1 without the need of any chiral extrapolation. It also enables us to determine f K and f K * without any extrapolation.
• With the additional assumption of PCAC (Eq. (11)) and the quark model (Eq. (10)) we can derive the rest of the meson spectrum and decay constants, and the baryon spectrum.
• The conventional approach can be seen as the limit C ll → ∞ of this approach.
In the next section we use the above method to determine the physical quantities from the lattice simulations.
Results
This section briefly lists the results obtained using the method described in the previous section. Tables 3 -10 contain the lattice data at each
from the fits outlined is Section 2. Also listed are the K c values (obtained using Eq. (11) with m q = 1/2(1/K q − 1/K c ) and the chiral extrapolants using a linear fit with M 2 P S . All the mesonic and baryonic masses are also plotted in figs 10-12 and show a very good consistency, within the errors, among the various lattices. This shows that we observe a scaling behaviour in our data.
Hadron masses and decay constants
Using the method described in Sect. 3, the meson masses and decay constants (in lattice units) are displayed in Table 12 and 13. The inverse lattice spacing, a −1 , obtained from the experimental values is displayed in Table 11 . Similarly the baryon masses, are displayed in Table 14 . Again, for comparison, the a −1 values obtained using these masses are shown in Table 11 . Note that all errors quoted in Tables 12, 13 and 14 are statistical only. In Tables 15 -17 , a listing is given of the lattice predictions of the mass spectrum and decay constants from C60 -C64. The scale was set from the K * mass.
Comparing the clover meson masses at β = 6.2 from lattices C62a, C62b and the UKQCD results [16] in fig. 13 , we find very good agreement with UKQCD for Lattice C62a. For C62b, while we find unexpectedly larger fluctuations in the comparison, we seem to get a somewhat lower mass; there may be some residual finite size effects in the vector meson mass, even though one would rather expect a higher mass in this case. This problem may also be present for the β = 6.4 data for which the physical volume is the same as in C62b.
Further investigation at larger lattice sizes is necessary to make the situation clearer. At β = 6.0 we can also compare our Wilson data with [25] , [11] and [18] , see Table 4 and fig. 14 . The agreement is very good for the pseudoscalar data for which we have K values in common. Our data for the vector mass at the lightest quark mass is slightly higher. We do not have a clear explanation for this. We only note that if we had fitted our data in the t region in the interval 11 − 21 as done in fig. 2 Tables 15 -16 are statistical only, and that these can often be underestimated [11] , the agreement is remarkable.
To compare the lattice decay constants with the experimental ones, we have used a 'boosted' one-loop form of the renormalisation constants [19] - [21] :
where g
The results are shown in fig.17 , with the same renormalization decay constant Z A disagree with ours for two of the three points where the comparison is possible. For the third point there is agreement but within much larger error bars. We do not see a strong a dependence for either actions comparing lattices at different β (C60, C62a and W60, W62a). This confirms statements made in Sect. 2 about the statistical presence of scaling in our data. The experimental points do lie quite well in the band extrapolated/interpolated from the lattice data.
The values of the pseudoscalar decay constants in Table 17 show larger deviations from the experimental data than the ratio f P S /M V . It is clear that a cancellation of systematic error occurs in this ratio. Still there is an agreement within 1.5 standard deviations with the experimental data apart from the W60 value which is quite high. In particular it is higher than the value obtained for the Wilson action at β = 6 in ref. [22] . There the authors use different renormalization schemes than the one used here but the discrepancy is too large to be attributed to this.
The situation is more delicate for the vector decay constant for which a dependence on the volume and a −1 may be present but with our data it would be difficult to disentangle the two effects. In particular in figs. 18, 19 and Table 17 the values for C62a and C62b (SW-Clover on different physical volumes), C62a and W62a (SW-Clover and Wilson with the same physical volume), W60 and W62a ( Wilson with the same physical volume but different values of β) and C60 and C62a (SW-Clover on the same volume and different β) seem to show this problem. The extrapolated values for 1/f V suffer very much due to these effects. The 'strange' vector decay constants seem to be slightly more stable also because no extrapolation is needed.
Meson Dispersion relations
For all the lattices except for W62b the non-zero momentum meson correlation functions were also computed. We can study discretization errors and finite volume effects testing which dispersion relation is best verified from data. We have tested the following dispersion relations
where (17) is the continuum relation, while the others are lattice dispersion relations from different choices of lattice action. M = E( p = 0) is the mass. From the lattice we have extracted the energy E( p) of the states fitting the non-zero momentum correlation functions with a cosh function. The results we obtained for E( p) for pseudoscalar and vector mesons are reported in Table 18 . We see only small differences among the various dispersion relations for the quark masses we have simulated, but eq. (19) seems to be favoured [2] . This is consistent with the conclusion of ref. [18] which refers however to much larger quark masses.
Strange Quark Mass
Lattice QCD is in principle able to predict the mass of any quark by fixing to its experimental value the mass of a hadron containing a quark with the same flavour. The 'bare' lattice quark mass m(a) can be extracted directly from lattice simulations and can be related to the continuum mass m M S (µ) renormalized in the minimal-subtraction dimensional scheme through a welldefined perturbative procedure [26] - [28] . Following ref. [29] 
where m(a) is the bare lattice quark mass related to the hopping parameter as
and Z M S m (µa) is the mass renormalization constant at scale µ which we choose to be 2 GeV . The hopping parameters and the strange quark masses reported in Tables 19 and 20 are extracted using the eq. (21) and (11) from the lattice values M π a and M K a. The error on m M S (µ) is estimated as in ref. [29] taking into account the spread due to different definitions of the strong coupling constant. This leads to somewhat larger errors for the Wilson data than for the Clover ones due to the smaller fluctuation of the different renormalization constants in the improved case. There is a good consistency among the values coming from the different lattices. Fig. 20 shows that we do not see any dependence on a within the errors in the Wilson data and a mild tendency in the clover data to decrease with increasing β. We therefore conclude that any O(a) effects present are beneath the level of statistics, and/or hidden among finite volume effects. We then extract the average value of the strange quark mass without any extrapolation and get:
which is in agreement with the result of ref. [29] . It is also compatible with the value m M S s (µ = 2GeV ) = 90 ± 20 MeV of ref. [30] , but one should take into account that this value comes from an analysis on various Wilson and Staggered lattices at different values of β and an extrapolation in a. The quark masses can also be extracted from the Ward identity for the axial vector current. A full analysis of the light quarks masses from both methods will be presented in a forthcoming paper.
J value(s)
In this section we analyze the effect of the quenched approximation using the J variables first proposed for mesons by Lacock and Michael [13] . In the spirit of the Maiani-Martinelli proposal [14] [16] to use (
as an independent way to determine the lattice scale and avoiding the chiral extrapolation as described in section 3, Lacock and Michael proposed that
be computed on the lattice and compared with experimental values. J is a combination of parameters which is independent of a and K and which does not require any chiral extrapolation to the chiral limit. We use the experimental values of the meson masses reported in Table 15 to determine the experimental values of J. This gives the dimensionless value reported in Table 21 .
Using the method described in section 3 it is very easy to extract the J value for mesons. The results we have obtained are reported in the Table 21 . The lattice values for J are significantly different to the experimental value and one can see a dependence on β but as discussed before a volume effect may be present on C62b, W64 and C64 which prevents a clear conclusion. The disagreement between the data and the experimental value of J is also evident in fig. 10 . It is easy to see that, in the plane of fig. 10 , the J value is proportional to the slope of the line through the experimental data which is clearly different to the slope of the lattice data.
As well as defining the quantity J for the meson sector, a corresponding quantity for the nucleon and delta sector can be introduced. This can be viewed as the slope of the data in figs. 11, 12. While the data is noisy, it is likely that the lattice data also underestimates the slope of the experimental points in these plots.
Conclusions
We have analyzed a large set of data on lattices of different lattice spacing and lattice sizes with both the Wilson and SW-Clover actions. These simulations were not originally performed for a hadron spectrum study, hence the relatively large values for the light quark masses. To overcome potential problems with the chiral extrapolation, a new technique of obtaining lattice predictions without any extrapolation in the quark mass was developed.
In the β range studied, we conclude that there is no statistical evidence for an a dependence in the hadron masses or for the pseudoscalar decay constants. Our data agrees with the experimental data to within ∼ 5% for mesonic masses and ∼ 10% − 15% for baryonic masses and the pseudoscalar decay constants. A larger deviation is present for the vector decay constants which, in our opinion, deserve a more careful study at larger volumes and β. The effects of finite size, if present, are within the statistical errors of our data.
We obtain for the strange quark mass m M S s (µ = 2GeV ) = 122 ± 20 MeV without seeing any clear a dependence. The meson dispersion relations and the quantity J were also studied.
We believe that the lattice results at β ≥ 6 are quite stable and show a scaling behaviour, within current statistical errors. Table 3 Hadron masses and meson decay constants versus the hopping parameter for Lattice C60. Table 4 As in Table 3 for Lattice W60. Table 5 As in Table 3 for Lattice C62a. Table 6 As in Table 3 for Lattice W62a. Table 3 for Lattice C62b. Table 8 As in Table 3 for Lattice W62b.
0.1510 0.291(1) 0.370(3) 0.576(7) 0.618 (7) 0.079(2) 0.390 (9) 0.1520 0.217 (1) Table 9 As in Table 3 for Lattice W64. Table 10 As in Table 3 for Lattice C64. Table 17 Predicted meson decay constants for all lattices, using the scale from M K * . Table 18 Values of E( p) for mesons with non-zero momentum versus the hopping parameter. fig. 1 for the vector meson mass M V . Fig. 3 . As in fig. 1 for the nucleon mass M n . Fig. 4 . As in fig. 1 for delta mass M δ . [25] , JLQCD [11] and LANL [18] . Fig. 15 . Nucleon masses in lattice units at β = 6.0 for wilson action from Lattice W60, APE 24 3 × 32 [25] , JLQCD [11] and LANL [18] . 
